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The virus SIRV1 of the extremely thermophilic archaeon Sulfolobus has a double-stranded DNA genome similar in
architecture to the genomes of eukaryal viruses of the families Poxviridae, Pycodnaviridae, and Asfarviridae: the two strands
of the 32,301 bp long linear genome are covalently connected forming a continuous polynucleotide chain and 2029 kb long
inverted repeats are present at the termini. Very likely it also shares with these viruses mechanisms of initiation of replication
and resolution of replicative intermediates. © 2001 Academic PressIntroduction. About a dozen viruses of the Crenarcha-
eota, an extremely thermophilic kingdom of the Archaea,
has been described (1, 2). Because of their unique mor-
photypes, the viruses have been assigned to four novel
families: Fuselloviridae, Guttaviridae, Lipothrixviridae,
and Rudiviridae. The genomes of all viruses consist of
double-stranded DNA which in the members of the last
two families is linear. The termini of these DNAs were
shown to be modified in a yet uncharacterized manner
(3, 4). In the course of sequencing the genome of the
rudivirus SIRV1 variant VIII (3) we have determined the
structure of the termini of this linear molecule. Here we
report on the results of this study.
Results. The SIRV1 DNA was sequenced by a shotgun
approach. The sequencing strategy and the entire se-
quence will be reported elsewhere. The analysis of the
data has revealed that the linear genome is 32,301 base
pair (bp) long. Each end of the unique, 28 kb long core
sequence was flanked by a 2029 bp long terminal frag-
ments which were completely identical in nucleotide
sequence and were aligned as perfect inverted repeats
(ITRs). The two ITRs were separated from the core se-
quence by stretches of 70 bp highly similar in nucleotide
sequences (Figs. 1A and 1B).
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6Due to the pronounced secondary structure, the se-
quence at the very ends of the DNA could only be
determined by chemical sequencing (Fig. 1C). The se-
quence was uninterrupted at the ends of the molecule
suggesting that the two strands of the linear double-
stranded DNA are connected. The uniform distances
within the sequence pattern indicated that no auxiliary
molecule was involved in connecting the two strands. It
is noteworthy that on either side of the point of transition
from one strand to the other the sequences were com-
pletely complementary to each other (Fig. 1D). At a po-
sition 11 from the point of symmetry were observed
signals in all four lanes (Fig. 1C). Analyses of the viral
DNA showed that fragments of the corresponding sizes
occurred already in untreated viral DNA at both termini
(data not shown). This indicated that the signals were not
artifacts of chemical sequencing and that a certain pop-
ulation of DNA molecules isolated from SIRV1 particles
was nicked at both termini. By comparison of signal
intensities about 5% of the molecules was estimated to
be nicked.
In order to verify that the two strands of the linear DNA
form a continuous polynucleotide chain, the virus DNA
was treated with the restriction enzyme BshNI, which
generated three fragments (Fig. 1A). The fragments were
separated by two-dimensional gel electrophoresis using
TBE buffer in the first run and denaturing conditions in
the second (Fig. 2). In the first dimension, all fragments
migrated according to their calculated size, whereas
under denaturing conditions, the mobility of the terminal
fragments had twice the expected value. This result was
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DNA strands were covalently connected at their termini.
Discussion. The structure of the reported archaeal
virus genome has counterparts among the linear ge-
nomes of eukaryal viruses, such as poxviruses (5, 6),
African swine fever virus (7), and Chlorella viruses (8), for
which covalently closed ends and long ITRs are charac-
teristic features. In those cases, however, the very ends
of the genomes are not part of the ITRs, but constitute
35–104 nucleotide long, incompletely base-paired re-
gions that form hairpin loops and are present at each
FIG. 1. The genome of the rudivirus SIRV1. (A) A scheme of the line
anels B, C, and D. S1 and S2 indicate the position and orientation of p
ites in the terminal BshNI fragments used for determination of nucleoti
f the two transition regions between the unique core and the ITRs. (C)
f one of the terminal regions. (D) The corresponding nucleotide seque
f the sequencing reaction, and the dotted line marks an outer end ofend in one of two forms which are reverse and comple-
mentary to each other in sequence. In contrast, the veryends of the SIRV1 genome are perfectly base-paired
parts of the ITRs.
The replication of linear DNAs with covalently closed
ends is believed to begin with the introduction of a nick
in the sequence proximal to the terminus, providing a
free 39-hydroxyl end for priming (9, 10, 5). The nicks at
position 11 from the termini in a fraction of DNA mole-
cules isolated from SIRV1 particles could represent this
hypothetical nick. However, the events following the in-
troduction of nicks should not necessarily be the same
as those proposed for known genomes of similar type
nization of the genome showing location of sequences presented in
sed for determination of the arrangement of the inverted repeats. TaqI
ences at the outer termini are indicated. (B) The nucleotide sequences
toradiogram of the sequence ladder obtained by chemical sequencing
terisks mark locations of presumed nicks, causing signals in all lanes
rminal repeats.ar orga
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An au(5). In the latter case, the differences between the ends
have to be maintained in some way. The same problems
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genome with its perfectly symmetric ends. Whatever the
mode of DNA replication, the mechanism of resolution of
replicative intermediates into mature linear molecules is
very likely to be similar also to that utilized by poxviruses.
Indicative of this is a presence near the termini of the
SIRV1 DNA of a sequence ATTTACGCAAAAAAT-
GAAAAAAA (Fig. 1) which in inverted orientation is re-
markably similar to the consensus sequence
AAAAAAAN7–9(A/G)TTT(A/T) located near the hairpin ter-
ini of different poxviruses (11) and required for resolu-
ion of poxvirus replicative intermediates by virus-en-
oded Holliday junction resolving enzyme (12, 13). A
possibility that this enzyme is encoded on the SIRV1
genome, a putative protein of 121 amino acids shows
significant homology with Holliday junction resolvases of
several archaeal species (Peng, X., Blum, H., She, Q.,
Mallok, S., Arnold, H. P., Domdey, H., Garret, R., Zillig, W.,
and Prangishvili, D., in preparation), is one more argu-
ment for this similarity.
Similar overall genomic architecture and similar strat-
egies of initiation of replication and resolution of repli-
cative intermediates suggest a phylogenetic relationship
between the archaeal virus SIRV1 and eukaryal poxvi-
ruses, Chlorella viruses, and African swine fever virus,
rather than convergent evolution of these features. Rela-
tionships between viruses of archaea and bacteria, and
bacteria and eukarya have been proposed [reviewed by
Zillig et al. (1, 2) and Hendrix (14)]. An evidence for
relationships between archaeal and eukaryal viruses
contributes to the emerging picture of interrelations be-
tween the viruses of the three domains of life. A signifi-
FIG. 2. Two dimensional gel electrophoresis of the three BshNI-
enerated fragments of the DNA of SIRV1 variant VIII. In the first
imension the separation was performed in 13 TBE, in the second
imension the separation was performed in 0.03 M NaOH. The frag-
ents of SIRV1 DNA are marked with arrows, and molecular weight
tandards are marked with asterisks.cance of this picture is not clear. It can be argued that
biochemical barriers between the three domains of lifeand different life styles of hosts are so pronounced that
the direct spreading of viruses from one domain to the
others appears to be less likely than the existence of
common ancestors of the viruses prior to the divergence
of the lineages of Archaea, Bacteria, and Eukarya.
Determination of Nucleotide Sequences of Terminal
Regions by Chemical Degradation. Two micrograms of
native viral DNA, isolated from purified SIRV1 particles
as described by Prangishvili et al. (3), were treated with
200 U of BshNI. The fragments were isolated after aga-
rose gel electrophoresis. The fragments 6 and 8 kb in
length (200 ng of each) were first digested with TaqI and
then purified by extraction with phenol and suspended in
TE pH 7.2. These DNA fragments were subjected to
chemical degradation according to the protocol of the
“Oligonucleotid Sequenzanalyse Kit” (Merck, cat. no.
6889.001). The amount of DNA in each sequencing re-
action was adjusted for the high AT content of the SIRV
DNA: “G”: 1/6, “Pu”: 2/6, “Py”: 2/6, “C”: 1/6. The reaction
times were shortened to G: 1 min, Pu: 1 min, Py: 2 min, C:
2 min. The sequence reactions were analyzed by high-
resolution PAGE (4.2% acrylamide, 19:1, 7 M urea) and
transferred to a nylon membrane. The sequence patterns
were visualized by an automated nonradioactive detec-
tion procedure by hybridization with a digoxigenin-la-
beled oligonucleotide (59-GAAAATTACGCAAAATGAC-
39).
Two-Dimensional Gel Electrophoresis. Native viral
DNA (50 ng) was treated with BshNI (5 U). The fragments
were combined with a mixture of molecular weight stan-
dards (200 ng of kb ladder from BRL, 35 ng of high-
molecular-weight marker from BRL) and applied onto an
agarose gel [1% LE agarose (SeaKam), 13 TBE, 0.5
mg/ml ethidium bromide]. The gel itself was 10 cm long
and rod-shaped with a diameter of 1.1 mm. The electro-
phoresis was performed at room temperature for 13.5 h
at 0.5 V/cm. After electrophoresis, the agarose gel was
treated 3 times for 7 min with an excess of 0.3 M NaOH
and equilibrated with a solution containing 30 mM NaOH
and 2 mM EDTA. Thereafter, the gel was applied onto an
alkaline 0.5% agarose gel (20 3 14.5 cm), which con-
tained 30 mM NaOH and 2 mM EDTA. The electrophore-
sis was performed for 6 h at 2 V/cm. After the separation,
the gel was treated twice with 0.25 mM HCl for 10 min
and neutralized with an excess of 0.4 M NaOH–1.5 M
NaCl. The DNA fragments were transferred onto a nylon
membrane. The SIRV-specific fragments were detected
by hybridization with oligonucleotides specific either to
the core region or to the terminal repeats of the SIRV1
genome. The molecular weight standards were visual-
ized by hybridization with digoxigenin-labeled molecular
weight standard fragments generated by random hex-
amer labeling.
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